1. The nematode Steinernema feltiae has been developed commercially as a biocontrol agent and is successful in controlling sciarid flies in mushroom houses. We used a simple model developed in parallel with a series of field trials, to optimize the application strategy of the nematode. 2. The first field trial provided life-history parameter estimates for both the sciarid flies and the nematodes and showed there to be substantial levels of nematode recycling, leading to high levels of control. Crucially, the field trial showed that by splitting the application into two, and applying half the nematodes at day 0 and half at day 7, the overall number of nematodes (dose) could be substantially reduced from currently recommended levels without sacrificing control success. 3. The model confirmed that there should be a benefit in splitting the dose, if the second application is timed to coincide with the peak in numbers of highly susceptible sciarid larvae. Importantly, the model provided insight into the dynamics of the sciarid larvae, even though the original data set only recorded adult fly numbers. 4. Using a split dose, optimally timed, the model suggested that total doses could be reduced by up to 75% and still achieve control comparable to that found with currently recommended dosages. The timing of the second application of nematodes was crucial in determining the level of control. 5. The model predictions were validated against a second independent field trial with considerably lower fly densities. Even under these different conditions, the predictions were accurate, indicating the robustness of the modelling approach. 6. To date models have rarely provided genuine practical advice to applied agriculturists and biocontrol practitioners. This study shows how a simple model developed in parallel with replicated field trials leads to a better understanding of the biological processes underlying successful control, resulting in improvements in recommended application strategies.
Introduction
There is an extensive theoretical literature concerning host-pathogen interactions and disease dynamics. However, in terms of understanding the use of insect pathogens as biological control agents, there is still a pressing need to integrate empirical and theoretical approaches to determine the most efficient and effective means of controlling pest species (Murdoch, Chesson & Chesson 1985; Kareiva 1990; Murdoch 1990; Waage 1990; Barlow 1999; Hastings 1999) . While the use of mathematical models has led to revealing insights into the dynamics and stability of a range of host-parasite systems, users of biological control are often left with their specific, applied questions unanswered. This dichotomy may have arisen, at least in part, from the reliance of many models on stability analyses as the means of assessing control success (Kareiva 1990; Hastings 1999) . Such an approach implies that long-term stability is the only measure of control success whereas, in reality, biological control agents often need to be applied for short-term control with the intention of bringing about a rapid decline in the pest population. In other words, transient dynamics may be more important in biological control theory than stability of the pest-parasite interaction (Lynch & Ives 1999) . As a result, applied workers have become distrustful of the benefits of modelling and tend to resort more to an educated 'trial-and-error' basis when determining optimum application strategies, rather than a rigorous understanding of the biological mechanisms leading to efficient control (Kareiva 1990; Georgis & Gaugler 1991) .
One group of biological control agents that has received considerable interest in the last 20 years comprises the entomopathogenic nematodes belonging to the families Steinernematidae and Heterorhabditidae (Nematoda: Rhabditida). These are lethal, obligate parasites of a wide range of insect hosts (Kaya 1993; Kaya & Gaugler 1993; Peters 1996) . A substantial knowledge on various aspects of the biology of these organisms has been published in the scientific literature, although the frequency of use and the number of pest species controlled successfully is disappointingly few. Even so, one system where they are currently used commercially is in controlling sciarid flies (Lycoriella spp.), which are major pests of cultivated mushroom Agaricus bisporus (Lange) Imbach houses around the world. Cultivated mushrooms are grown by seeding sterilized compost (straw and manure) with mushroom mycelium then putting the mixture into bags, trays or shelves. The mycelium is left to grow before a layer of casing (a mixture of peat and chalk) is placed on top of the compost, and cultivation takes place in dark rooms with precisely controlled temperature and humidity. Sciarid fly larvae feed on mycelium in the casing layer, breaking it down and preventing mycelial colonization, leading to reduced yields of mushrooms and rendering the mushrooms unmarketable (Grewal & Richardson 1993; Rinker et al. 1995) . The economic threshold for damage in mushrooms is extremely low (Scheepmaker et al. 1997 ) so control strategies need to be highly effective.
A number of workers have shown that the application of the nematode Steinernema feltiae Filipjev may provide reasonable degrees of control of sciarid flies, often giving substantial levels of nematode recycling (Grewal & Richardson 1993; Gouge & Hague 1995; Rinker et al. 1995; Scheepmaker et al. 1997) . As a result there are a number of nematode products available that are commonly used by mushroom growers in Europe and the USA. However, despite having found a suitable control agent, there are still critical questions concerning the optimal application strategy. When should the nematodes be applied? How many should be applied? Are repeated applications necessary? Clearly, from the mushroom grower's point of view, it is desirable to apply few nematodes infrequently and save on costs, while still maintaining high levels of control.
In this study we attempted to integrate a modelling approach with real problems of biological control by analysing the results of a field trial undertaken to explore the effects of different rates and doses of application on sciarid fly abundance. We then used this information to develop and parameterize a simple model, which extended the trial results and allowed us to determine the optimum application strategy for entomopathogenic nematodes. The predictions of the model were then validated with further field trials, leading to the development of simple guidelines for control.
Materials and methods

   
We have previously modelled a generic entomopathogenic nematode-insect host system using a modified 'susceptible-infectious' (SI) model (Fenton et al. 2000) based on the models of Anderson and May (May & Anderson 1978; Anderson & May 1981) . This model showed that, in the long term, the entomopathogenic nematode system is highly unstable and would be prone to extinction of either the host or the nematode. However, this highly generalized model only considered the long-term equilibrium dynamics and, as mushroom crops have a short life span (around 8 weeks), it is important to develop a model that can accurately take into account the short-term transient dynamics of the system. Large-scale simulation models (Shea & Possingham 2000; Shirley et al. 2001) , while providing a highly realistic description of the system, can be too complex to develop and are often difficult to parameterize. We therefore adopted an approach based on the 'models of intermediate complexity' developed by Briggs and Godfray and others (Murdoch et al. 1987; Briggs & Godfray 1995a,b) . These models typically incorporate some degree of stage structuring of the host life cycle, in the form of a series of coupled delay-differential equations, thereby allowing consideration of the different vital rates (e.g. birth, development and death) that occur between different life-cycle stages. Furthermore, these models enable us to include one essential feature of the sciarid fly-nematode interaction: only the larval stages of the sciarid fly are susceptible to infection. We have previously developed such a stage-structured model, based on our earlier SI model, and used it to explore a number of specific short-term control scenarios in a range of crop pest systems (Fenton et al. 2001) . The ease with which these models are developed and parameterized using biologically intuitive parameters makes them ideally suited to explore specific control issues in the entomopathogenic nematode-sciarid fly system.
For the purposes of this work, we divided the sciarid life cycle into the four basic stages: egg (E), larva (L), pupa (P) and adult (A). Adult sciarids live for an average of T A days, during which time they lay ρ eggs at an assumed uniform rate. The eggs develop over a period of T E days, during which they die at rate δ E day −1 , before the survivors mature to larvae. These larvae die at rate δ L day −1 and pupate after T L days. The pupae die at rate δ P day −1 for a period of T P days, before reaching adulthood. Therefore, the full life cycle takes a period of
To complete the model, we explicitly model the freeliving infective juveniles of the nematode (N ). As was mentioned above, it is only the larval stages that are susceptible to nematode infection. Hence, in the model, the larval stages are infected by nematodes at a constant per capita rate, β. After a period of development within the infected host cadaver (T I ), Λ new infective juveniles emerge from each cadaver, which either die at rate µ or go on to infect new susceptible larvae. The full model is given in the Appendix and all parameters are listed in Table 1 .
   
Based on cultures held in our laboratory, we have previously estimated a number of the basic life-history parameters of the sciarid life cycle (R. Gwynn, unpublished data). These include the number of eggs laid per adult and the times of development of each stage. To complete the parameterization of the sciarid life cycle, we need to estimate the mortality rates of the respective stages. In addition, to describe correctly the sciarid populations observed in the field trials, we need to estimate the initial density of flies invading the mushroom house that lay the first cohort of eggs in the compost (A0). Finally, it has been noted that flies are present before casing (i.e. before day 0 in the field trials). Hence, to capture truly the development of the sciarid populations, it is important to estimate the time of initial pest attack relative to casing, t a .
These six parameters (the mortality rates of the four stages, the initial number of adult flies and the time of pest attack) were estimated using a least-squares technique to fit the time-series produced by the model to field trial data on the abundance of sciarid flies in the absence of nematodes. It should be emphasized that the primary purpose of the model-fitting process was to derive as accurate parameter estimates as possible, rather than to validate the model per se. Hence, we fitted the model to each of the eight control replicates in turn to obtain estimates of the mean and standard error for each parameter in the model.
Having obtained estimates for all the sciarid lifehistory parameters, the next step was to obtain estimates of the parameters relating to the nematodes (the per capita transmission rate, β, the number of nematodes emerging from an infected cadaver, Λ, and the mortality rate of the free-living infective juveniles, µ). Once again, these remaining parameters were estimated by least-squares, fitting the time-series predictions of the model to field trial data with a known initial dose of nematodes.
         :   1
The nematodes used in this study (S. feltiae) form the basis of the commercial control agent Nemasys M produced by The MicroBio Group Ltd (Cambridge, UK). The current recommended dose of this product against the sciarid fly Lycoriella auripila Winnertz (Diptera: Sciaridae) in commercial mushroom houses in the UK is 3 million nematodes m −2 applied at the time of casing; previous trials have shown that reducing this rate to 2 million m −2 leads to reduced control (Grewal & Richardson 1993; R. Gwynn, unpublished data) . However, there are a number of alternative strategies that may improve efficiency; for example, reducing the recommended dose and splitting it to coincide with vulnerable phases of the pest's life cycle may lead to effective control whilst maintaining a low overall level of application. This hypothesis was tested in the following trial.
A single room of a mushroom house growing A. bisporus consisting of four blocks of a stack of four trays was used for this trial (Fig. 1) . For the purposes of this study, only the middle two trays of each stack were used so that each tray within a block comprised a top shelf and a bottom shelf, which were treated as two independent replicates. A randomized block design was used whereby each stack within a block was assigned one of four treatments: (A) control (water only); (B) 3 million nematodes m −2 sprayed at casing; (C) 3 million m −2 split such that 1·5 million m −2 were applied at casing and 1·5 million m −2 applied 7 days after casing; and (D) 2 million m −2 split such that 1 million m −2 were applied at casing and 1 million m −2 applied 7 days after casing. Hence, there were four treatments (including a water-only control) replicated eight times (4 blocks × 2 shelves). Treatments were applied using an upright garden sprayer (Gardena 5 L; Gardena UK Ltd, Newcastle Upon Tyne, UK) with all fine filters removed. No other forms of pest control (chemical or biological) were used throughout the trial period and other culturing practices (e.g. watering regimes and temperatures) were standard. Sciarid population abundance was assessed through weekly casing samples. Immediately after nematode application and every 7 days subsequently, 10 cores of approximately 250 ml were taken from each replicate using a 60-ml syringe with the top cut off. The cores were placed in a small plastic box (12 × 10 × 7 cm) with a white sticky trap (6 × 6 cm; Oecos Ltd, Hitchin, UK) placed inside and incubated in the laboratory for 35 days at approximately 22 °C. The traps were checked every 7 days, all dead flies were removed and the number of sciarid flies caught each week was counted. For nematode assessments, 12 cores of casing were taken from the top layer of each replicate. For each sample, 250 ml of casing was placed in an adapted Whitehead tray (Woodring & Kaya 1988 ) and the nematodes were extracted overnight. These were counted, distinguishing between entomopathogenic and freeliving nematodes. All data were log-transformed and analysed by .
         :   2 Simulations of the fully parameterized model produced information on the application strategies that may produce the greatest levels of control. To validate some of these predictions a second field trial was conducted (similar to trial 1 in terms of the mushroom cultivation techniques and sciarid species) in which the time of the second application of the split dose was varied. Interestingly, the farm at which this second trial was carried out had a much lower fly density than that in the first trial. Therefore it was possible to assess the robustness of the model predictions for mushroom houses suffering different levels of infestation. Once again, a randomized block design was used, this time with five treatments: (A) control (water only); (B) full dose of 3 million nematodes m −2 applied at casing; (C) 1·5 million m −2 applied at casing and 1·5 million m −2 on day 4; (D) 1·5 million m −2 at casing and 1·5 million m −2 on day 7; (E) 1·5 million m −2 at casing and 1·5 million m −2 on day 21. Once again, soil cores were taken from each replicate at casing and then at 7-day intervals, and the number of flies emerging each week was counted.
Results
 
The sciarid life cycle takes approximately 28 days under the conditions of the mushroom house. We have previously estimated the egg stage to last for approximately 2 days and the first larval stage to last approximately 3 days (R. Gwynn, unpublished data). However, this larval stage is too small to be infected by nematodes so, for the model, we combined this stage with the egg stage to produce an estimate for the duration of the 'egg' stage (T E ) of 5 days. The sciarid then passes through a further three larval stages, lasting a total of approximately 10 days (T L ) before pupating. This pupal stage lasts for a further 5 days (T P ) before the adults emerge, which can then live for an average of 8 days (T A ). We have also previously estimated that each female fly can lay up to 150 eggs in its lifetime so, assuming a 50 : 50 sex ratio, ρ = 75. The remaining sciarid life-history parameters were estimated from the eight replicates of treatment A (the water-only treatments), and the infection parameters were estimated from treatment B (3 million nematodes m −2 sprayed at casing), both from field trial 1. For correct comparison, ) to correspond to the areas sampled by the soil cores. Each core was taken with a 60-ml syringe, which had a diameter of 2·5 cm. This corresponded to an area of 4·9 cm 2 , or approximately 0·0005 m 2 per core. Therefore, an application of 3 million nematodes m −2 corresponded to 1473 nematodes core −1 which, as 10 cores were taken at each sampling date, translated to a total dose of 14 730 nematodes per sample.
All parameter estimates for the best-fit model are given in Table 2 . Interestingly, the model that provided the best-fit to the data suggested that there must have been adult flies present approximately 7 days prior to casing. Therefore, one strategy that may prove beneficial would be to try to prevent these early flies from invading the compost, either through some physical barrier method or through some form of pre-emptive chemical or nematode application.
The fitted model provided a good fit to the observed number of flies that emerged in the absence of any nematode application (Fig. 2) , although it should be remembered that it was these data that were used to estimate the best-fit parameters. It should also be noted that, although the trial only ran for 7 weeks, the soil cores that were taken were kept for up to 35 days. Hence, the true duration of the whole experiment was 77 days. During this time, both the data and the model showed that the flies emerged in a series of relatively discrete generations throughout the trial. However, the model suggested the presence of a small wave of pests around day 21 in the trial that did not show in the data. This was probably a true prediction rather than an artefact of the model because, on inspection of the data, it was apparent that each generation was approximately 3 or 4 weeks long. Hence, there must have been an earlier generation of flies invading the compost that gave rise to the first generation revealed in the data. This anomaly between observed data and model prediction could be due to the sampling method used. Sampling was carried out by means of soil cores and it is likely that, early in the trial, sciarid numbers were low and possibly highly aggregated in their distribution in the casing, in the form of discrete egg batches. Hence, it is quite possible that a large proportion of these rare and overdispersed individuals would be missed by the random sampling method used.
The predictions of the model under treatment B (3 million nematodes m −2 applied at casing) showed reasonable agreement with the observed data, although the data were highly variable between replicates (Fig. 3) . The best-fit parameter estimates are shown in Table 2 and suggested that transmission rates were relatively low (mean β = 0·0001 m 2 day −1
), nematode mortality rates were high (µ = 0·7 day −1 ) and each infected cadaver produced, on average, high numbers of new infective nematodes (Λ = 4000). 
12 days - Fig. 2 . Mean number of adults sciarids emerging from soil cores taken weekly from the eight replicates of field trial 1, in the absence of nematodes. Also shown is the best-fit model to these data, the parameters of which are shown in Analysis of variance showed that the position of the replicates in the mushroom house had no effect on sciarid numbers, and there were no significant differences between the top and bottom shelves in any of the treatments except for the 3 million nematodes m −2 treatment where more flies emerged from the top shelf (P = 0·038). All nematode treatments resulted in a significant reduction in sciarid numbers (P < 0·001) compared with the control. Importantly, there were no significant differences between the nematode treatments (P = 0·167), although there were some indications that splitting the 3 million nematodes m −2 dose and applying half at casing and half on day 7 might lead to an even greater degree of control than the full dose applied at casing (95% control vs. 88%) (Fig. 4) . Crucially, reducing the overall dose to 2 million nematodes m −2 and splitting application between casing and day 7 led to control that was at least as good as the larger, 3 million m −2 , dose applied at casing. The model produced, qualitatively at least, reasonable approximations to these trends, although it tended to underestimate the true levels of control (Fig. 4) .
In terms of nematode persistence, the data showed oscillating trends in nematode abundance throughout the experiment (Fig. 5) , suggesting there were substantial levels of nematode recycling, leading to subsequent pest generations becoming increasingly suppressed over time. Interestingly, although the model was fitted to the sciarid fly abundance data, the predicted dynamics Fig. 3 . Mean number of adults sciarids emerging from soil cores taken weekly from the eight replicates of field trial 1, with 3 million nematodes m −2 added at casing. Also shown is the best-fit model to these data, the parameters of which are shown in Table 2 . Vertical lines are standard errors. The data are plotted on the same scale as Fig. 2 (the control data) to give an indication of the degree of suppression. of the nematode population were reasonably similar to the trends observed throughout field trial 1 (Fig. 5 ). There were small numbers of nematodes present in the controls after 2 weeks, presumably due to transfer of infected sciarid flies from the treatment trays, but this would make no difference to the experimental results.
       :  
Using our fully parameterized model, we carried out a number of simulations to calculate the total number of pests observed following a range of application strategies, without needing to carry out lengthy and costly field trials for each strategy. Specifically, to understand why a split application is so effective and to determine the optimum split dose strategy, we explored the effect on the sciarid population of varying both the overall dose applied and the timing of the second application of the split dose.
Clearly, as the overall dose increased, so the level of sciarid control increased (Fig. 6) . However, it appeared that the timing of the second application may be more important in determining control success. As the time of the second application was varied, the degree of control fluctuated, with the optimum time of second application being around 5 days after casing, for all doses explored. There was a noticeable reduction in control success if the second application occurred around day 15 after casing. Control then improved before declining again as the second application occurred 30 days after casing (Fig. 6) .
Importantly, although the lowest dose examined (0·75 million nematodes m −2 ) always produced lower levels of control than the other doses, splitting this dose and applying half at casing and half at day 5 produced approximately the same level of control as 3 million nematodes m −2 applied in a single dose at casing (Fig. 6) . Therefore, it may be possible to drastically reduce the total number of nematodes applied and, through strategic timing of application, to achieve levels of control equal to those currently recommended.
The reason for the benefit of splitting the dose can be seen by examining the time-series of sciarid numbers produced by the model (Fig. 7) . Crucially, the stagestructured model allowed us to observe the dynamics of the larval stage of the sciarid life cycle, the only stage susceptible to nematode infection, even though the original data were only of adult sciarid fly numbers. It was apparent that the optimum time to apply the second dose of nematodes, around days 5-7 (Fig. 6) , coincided with the peak in the first generation of susceptible sciarid larvae (Fig. 7) . However, applications of nematodes around day 14 coincided with the trough in larval numbers, between generations, and resulted in poor levels of control (Fig. 6) . Applications later than this (around days 20-25), timed to coincide with the peak of the second generation of sciarid larvae, provided reasonable degrees of control, although it was not as effective as the earlier applications, which had targeted the first generation wave.
Until now, we had only considered 50 : 50 split doses, where half the total dose was applied at casing and the other half applied some time later. Using the model, however, we could also explore the effect on control success of varying the split ratio from 0% applied at casing (all nematodes applied in the second dose) to 100% applied at casing (no second dose). We repeated this for a number of different days of application, using a total dose of 2 million nematodes m −2 . Once again, a split dose in which nematodes were applied both at casing and around day 5 provided the greatest level of control. Regardless of the time of the second application, it was optimal to apply relatively few nematodes at casing (approximately 10% or 20% of the full dose) and then the remainder (80% or 90%) at the second application (Fig. 8) . Importantly, applying all the nematodes in a single dose some time after casing (the data points on the far left of Fig. 8 ) did not provide as good control as when a small fraction was applied at casing and the remainder applied at a later time. This was because, at casing, the sciarid larvae have yet to reach their highest densities, so applying excess nematodes at this point leads to wastage. It is preferable, therefore, to apply relatively few nematodes at casing to infect this low initial number of larvae and then apply a greater dose around day 5 when the sciarid larvae have reached their peak.
Finally, if it is necessary to apply only a single dose of nematodes (for instance to save on cost and labour) this should be carried out, once again, around day 5 following casing to achieve maximum control (Fig. 9) . Interestingly, the model predicted that a single dose of 2 million nematodes m −2 , strategically timed, can lead to levels of control greater than those observed with the currently recommended dose of 3 million m −2 applied at casing.
         :   2
The model predicted that the success of control should depend strongly on the timing of application of the second dose. For instance, applications around day 5 should produce high levels of control, but following that control success should decline as the time of second application increases. The results of field trial 2, designed to test the effect of the time of second application on sciarid control, were in general agreement with these predictions, although the model substantially underpredicted the level of control. There was a significant effect of treatment (P < 0·001) with the greatest level of control being achieved when half the nematodes were applied at casing and the other half 4 days later (Fig. 10) . As was predicted by the model (Fig. 6) , there was no significant difference between treatments C and D where the second application occurred on either day 4 or day 7, respectively (P = 0·232). However, there appeared to be a gradual trend with control success declining as the period between applications increased. The poorest control was achieved when the second dose was applied 21 days after casing, which was significantly worse than the other nematode treatments (P = 0·022). It should be noted that the model's predictions were based on the conditions of field trial 1, which had a far greater fly infestation than field trial 2, so it is not surprising that there were considerable quantitative discrepancies between the predicted and observed levels of control.
Discussion
As far as we are aware, this work presents the first attempt to combine a modelling approach with field trial data to improve the application strategy of entomopathogenic nematodes as biological control agents. Previous studies have used similar combinations of population modelling and field trial data to improve understanding of the use of other biological control agents against insect crop pests (Thomas, Langewald & Wood 1996; Langewald et al. 1997; Thomas et al. 1997) . The use of models enables us not only to identify the optimal strategy, but also helps us to understand why that strategy is optimal. It is this insight into the biological mechanisms underlying observed phenomena that make models such useful tools in developing more effective control strategies. Both the field trials and model predictions indicated that all nematode treatments would achieve high levels of control and that, from the field trial data, there was no significant difference between treatments.
Hence, there appears to be no benefit to splitting the 3 million nematodes m −2 dose as control success is not significantly increased. Crucially though, it appears from both the field trials and the model, that splitting a dose of 2 million nematodes m −2 and applying half at casing and half around day 7 provides levels of control at least as good as applying a single dose of 3 million nematodes m −2 at casing. Indeed, the model suggests that the overall dose could be reduced to as low as 1 million nematodes m −2 and, provided the timing of application was appropriately chosen, achieve levels of control similar to those observed with a single dose of 3 million m −2
. If only a single dose was considered, for reasons of labour costs and convenience, the model suggested that a dose of 2 million nematodes m −2 could give better results than the current one of 3 million m −2 if the timing of application was strategically chosen.
These predictions concerning the success of using such reduced doses would have to be corroborated with further field trials because, at these low densities, any uncertainty or non-linearities in the transmission process may result in the model being more inaccurate in its predictions. Similarly, it was interesting to note that the observed levels of control from the second field trial were considerably greater than those predicted by the model, which was parameterized from the first field trial. The two field trials had substantially different levels of fly infestation and it is possible that, at the low densities of the second trial, non-linearities in the biology of the pest-parasite interaction had a significant impact on the accuracy of the quantitative predictions of the model. Previous attempts to fit specific models to insect pathogen data have tended to show that transmission rates are not linear as is assumed here, but often vary with host and /or pathogen density (Dwyer & Elkinton 1993; Dwyer, Elkinton & Buonaccorsi 1997; Beisner & Myers 1999) . Such nonlinearities may be expected to have a significant impact on control success, especially at low densities. However, in terms of the trends in control success the model's predictions were reasonably accurate for both the trials presented here, suggesting that, qualitatively at least, this model is robust and relatively insensitive to density in the sciarid fly system.
There was clear evidence from the field trial data that the nematodes underwent substantial levels of recycling, as shown by the long-term persistence throughout the control period. Given that it takes approximately 2 weeks from infection to lysis of a cadaver, the nematodes must have passed through at least four separate generations during the 8-week duration of the trial. This highlights one of the major advantages of biological control agents over chemicals, at least in protected glasshouse crops. The presence of nematodes in the controls may be due to the close proximity of the shelves, and small amounts of splashing may have occurred during applications. However, these can only have contributed to an artificial reduction in sciarid numbers in the controls, and the percentage suppression in the nematode treatments could have been higher than recorded here.
Using the model we were able to ascertain why the split application strategy performed so well, even when the overall dose was substantially reduced. Although the data from the field trials were only of adult sciarid abundance, the model allowed us to observe the dynamics of the other stages of the life cycle. Hence, it became obvious that the split dose allows the applications to coincide with peaks in abundance of the susceptible larvae. We can then see that applying nematodes after day 10 drastically reduces control success, due to the intergeneration trough in susceptible sciarid larvae. This highlights the need to understand the underlying biological mechanisms and the life cycle of the specific pest species involved, before the optimal strategy can be determined.
At present, recommended application rates vary with the nematode product available (Scheepmaker et al. 1997) . Many field trials have been carried out exploring the effect of different application rates on the control of sciarid flies in Britain (Grewal & Richardson 1993; Gouge & Hague 1995) , the Netherlands (Scheepmaker et al. 1997 (Scheepmaker et al. , 1998 and North America (Rinker et al. 1995) . Typically, the different trials, working with different nematode strains and different fly species in different growing conditions, all lead to different recommended doses. Previous theoretical work ( Fenton et al. 2000 ( Fenton et al. , 2001 ) has shown that control success can be very sensitive to certain biological parameters (e.g. nematode mortality rates, transmission rates, etc.), which are likely to vary with environmental conditions and thus between countries and mushroom houses. However, despite the apparent complexity of the nematode-host interaction, the models can be tailored relatively easily to the specific system under examination; the model-fitting process provides a means of estimating the appropriate parameter values. These models can then be used to carry out examinations of control strategies similar to those presented here, without the need to resort to expensive and time-consuming field trials.
This work has shown the benefits of adopting a population dynamics approach to questions of biological control application strategies. Through the combination of a system-specific model and field trials, we have been able to determine the benefits of a range of control strategies and increase our understanding of why certain application methods may or may not be successful. Furthermore, this approach has led to the consideration of novel control strategies that had not previously been examined. It is hoped that this two-way process involving modelling and field trial verification will lead to genuine improvements in the recommended use of entomopathogenic nematodes as biological control agents.
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